The modern 3D image acquisition systems have acquired in the last decades a growing importance in clinical anatomy and in different fields of application of physical anthropology, including also forensic issues. An example can be found in the development of novel procedures concerning the comparison of palatal anatomical structures, such as palatal rugae. This study aims at exposing possible protocols of superimposition for the comparison of palatal rugae, useful for clinical and forensic purposes: the palate is acquired by a laser scanner (Dental Wing©). Superimposition is then performed according to the surface of the three main palatal rugae through VAM© software which is able to give back an estimation of RMS (root mean square) point-to-point distance between the two models. Models can be also assessed separating the right and the left side in order to test possible modifications of palatal structures in cases of maxillary expansion. The 3D superimposition provides a chromatic visualization of corresponding areas (areas with full superimposition are represented in green, whereas possible discordances are in blue or red) that offer a visual depiction of the quantified differences, useful in clinical contexts. The proposed protocol may therefore provide a relevant help in the assessment of palatal modifications in clinical anatomy and forensic anthropology.
Introduction
Palatal rugae are irregular ridges made of connective tissue across the anterior portion of the palate and have long been considered a stable and unique marker on each individual [1] . The anatomical importance of such structures may provide relevant application to clinical and forensic fields of research: for example, they can be used in order to identify unknown decedents, i.e. cadavers without a specific identity which needs to be verified through biological means. The need for personal identification of unknown decedents is an urging need in forensic anthropology: for example, in Milan, one of the most populated cities in Italy, every year 32 new cases of unknown decedents occur (3% of all postmortem examinations) [2] . Personal identification can be obtained through the comparison of individualizing features from the body (postmortem data) and from the suspect of identity (antemortem data). The comparison of palatal rugae may provide a crucial help in order to reach a personal identification [3] . In addition, palatal rugae are analysed also from a clinical point of view, as they can be used as reference structures to measure teeth migration during orthodontic therapy; they are also useful markers to detect submucosal clefts in the palate [4] . Most of the above mentioned fields of applications rely on the supposed stability of palatal rugae with time: however, suprisingly there are conflicting opinions in literature, and several dark points still need to be enlightened. A relevant issue concerns the possible modifications suffered by palatal rugae with growth: common opinion is that palatal rugae are not affected by growth and remain unchanged until death with decomposition of soft tissues [5, 6] . On the other hand, other authors suggest that palatal rugae may be modified in length because of the growth of the palatal plate [7] , together with the movements of teeth [8] .
Another field where the positions expressed by authors are even more diverging concerns the relation between palatal rugae and orthodontic treatment. Literature suggests that dental extractions may reduce the length of the second and third ruga [8] , whereas the medial landmarks are more stable, probably because closer to the sagittal plane [9] . An overall analysis of possible modifications observed in patients treated for orthodontic purposes was recently given by Mustafa et al. [10] : in 22% of cases an increase in number was observed for a segmentation of pre-existing structures, whereas in 20% they merged in fewer elements. In 28% of cases palatal rugae suffered increase or decrease in length and in 6% of cases they changed shape [10] . The third ruga seems to be more stable as it is located most posteriorly on the palate, but again some orthodontic therapy such as maxillary expansion devices proved to be able to modify also this element [8] . As one can observe the traditional studies based on linear modifications of palatal rugae recorded in casts have not been able to provide a unique version of relations existing between palatal rugae, age and orthodontic treatment. The scenario concerning stability of palatal rugae is conflicting, and represents a novel field of study of such important stuctures. The need for more advanced and detailed means of analysis of palatal rugae is therefore clear. A hand may be given from modern 3D image acquisition systems which have enabled researchers to improve the morphological and metrical assessment [11] : some examples are the measurements of surfaces and volumes of the palate in growing subjects [12] . In the field of congenital pathological abnormalities, the 3D approach was used to explore the metrical modifications of cleft palate [13] [14] [15] . Other applications in orthodontics concern the assessment of palatal linear modifications after maxillary expansion therapy [16] [17] [18] . The main use of the novel technologies relies on the metrical assessment of different parameters, be they linear distances, surfaces or volumes: however, another important tool concerns the chance of superimposing 3D models [11] . In this way the two scans can be compared, highlighting possible discordant areas with a colour-coded map, and measuring point-to-point distances between the two models. This type of approach may give additional information concerning modifications of palatal rugae and provide a novel method of comparison of dental profiles, useful in the clinical field. This study aims at exposing some examples of protocols for the analysis of palatal anatomy through the assessment of palatal rugae, useful both in the clinical and forensic fields of applications.
Materials and methods
This study was performed on a population of children treated for orthodontic purposes in the Hospital of Pavia. For each individual two casts were available (before and after the treatment). Data were anonymized according to the Italian and international ethical rules. The casts underwent to 3D scan by a laser scanner (Dental Wing©), in order to obtain a 3D model of each palate as an .stl file (Fig. 1) . The 3D models were analysed through VAM© software, a 3D image elaboration program, useful for metrical analyses and superimposition. A first elaboration consists in the metrical assessment of palatal rugae: length of each ruga can be automatically measured as distance between the most mesial and distal points of the structure. The use of 3D models enables the operators to perform superimpositions between different palatal scans. In this case the morphology of the two sets of rugae are superimposed one on the other, and, on the scan used as reference, palatal structures are colored in different chromatic variations according to the sense of modification (in blue areas with an increase in comparison with the other scan, in red those with a decrease, in green those remained unchanged). The software is requested to provide first a registration of a model on the other one, according to specific landmarks or surfaces defined on each model. A possible protocol may consist in the selection of landmarks corresponding to the mesial and distal part of each palatal ruga (Fig. 2) .
Fig. 2: selection of 6 landmarks corresponding to the most mesial and distal portion of each ruga
After the automatic registration, the 3D image elaboration software can calculate the point-to-point distance between the two registered scans, with a chromatic map of modifications on the model used as reference (Fig. 3) . The chromatic observation of changes passing from a scan to the other one is very useful as it allows the operators to easily detect where modifications are more intense. In addition metrical parameters of point-to-point distance (minimum distance, maximum distance, mean, standard deviation, RMS -root mean square) can be automatically assessed. The same method can be applied to context where, on the contrary, we are requested to verify the modifications of the palate compared with palatal rugae: in this case, palatal rugae are chosen as reference structures in order to perform the registration of two models and assess possible changes of the dental arch. Figure 4 exposes an example on superimposition performed between two models belonging to the same individual, before and after orthodontic treatment. On the post-treatment model, the superimposition highlights the presence of blue areas on the cusps of canines, premolars and molars, concordant with the physiological dental growth. In this case the stability of palatal rugae was used in order to assess modifications in the rest of the palate.
Fig. 4: chromatic map of modifications of a palate between two scans: blue areas on the cusps of canines, premolars and molars are concordant with the dental growth occurred between the two scans
Another possible application is the assessment of palatal modifications after maxillofacial surgery or the application of devices for the modification of palate (such as in rapid maxillary expansion). Figure 5 shows an example of 3D-3D superimposition between two scans obtained from the same individual before and after maxillary expansion. As one can observe, the palatal rugae in the post-treatment model are colored in green, and this means that no modification was observed in this area between the two models. In contrast, the lingual part of each alveolar process is colored in yellow, whereas a slight blue coloration is observed on the vestibular surface. This chromatic sheet is concordant with an expansion of the palate, and therefore may provide also a quantification of the obtained results.
Fig. 5: chromatic map of modifications of a palate after rapid maxillary expansion: the yellow color on the lingual surface of the dental arch is concordant with the widening of the palate
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Results and discussion
Techniques of 3D-3D superimpositions may provide a relevant help to the assessment of anatomical structures, adding a novel and more complete method of assessment. A first advantage concerns the chance of performing traditional metrical assessment of palatal structures, usually limited to linear measurements taken through calipers. However, some limits have to be taken into consideration: first of all, both the techniques request the manual positioning of landmarks and perimeter lines on the 3D model, with a clear need to verify inter-and intra-observer error. The 3D-3D superimposition enables the researchers to obtain a complete analysis of three-dimensional structure of palatal rugae. Results from superimposition provide a more detailed scenario of modifications including the more affected areas and the type of modification according to the reference scan (decrease or increase). This is an additional information than the mere modifications in shape and size evaluated on casts, as it allows the researchers to follow changes of palatal rugae with time. The application of this experimental protocol on orthodontic patients with different casts obtained at specific time points may provide more information concerning the possible modifications of palatal rugae with time.
The same is valid also for the assessment of modifications of palatal rugae due to orthodontic treatments: existing studies are mainly based on the comparison of casts and linear measurements [8] [9] [10] . Techniques of superimposition may represent a novel method for assessing changes with different therapies.
Another field of application concerns the study of palatal modifications due to maxillary expansion therapy: also in this case the contribution provided by 3D-3D superimposition techniques may provide a novel point of view in order to evaluate the possible outcome of the treatment.
In the last years the introduction of novel 3D image acquisition systems has allowed researchers to perform a more detailed analysis of anatomical structures in different fields of application. One of the most important concerns forensic analysis and in detail personal identification which passes through the comparison of individualizing anatomical structures. Procedures of identification have been performed so far through the 2D visualization of three-dimensional structures: some examples are the profile of frontal sinuses [19] and the silhouette of bones and teeth in radiological examinations [20] . The introduction of stereophotogrammetry and laser scanners have provided the chance of a more detailed analysis of the three-dimensional characteristics of each structure, with possible advantage for what concerns the judgment of identification. The use of 3D-3D superimposition technique has been already known in other forensic fields, such as facial identification [21] . In this case the most important advantages come also from the chance of quantifying the point-to-point distance between the two models, and therefore the differences between two faces. In this way the analysis of superimpositions performed between models belonging to the same individuals or different persons may enable the researchers to reach a quantitative threshold, useful for confirming or excluding identification. However this procedure necessarily requests the development of protocols in order to improve the repeatability of analyses and observations. The main technical issue concerns the choice of reference landmarks or surfaces in order to reach the superimposition which will be performed in the configuration with the lowest distance. This requires to identify the most stable structures in order to highlight the modifications in the area of interest. In addition, as the choice of reference structures for superimposition is manual whereas the rest of the procedure is automatic, it may be affected by interand intra-observer variability, which needs to be verified in every experimental protocol concerning 3D-3D superimposition. This study aimed at proposing different methods for assessing palatal rugae on 3D models of casts: our preliminary results show that the advanced 3D methods of superimposition may provide a relevant help also in the clinical field of research, for example in order to assess changes of the dental arch after treatment. Clearly the reliability of novel methods has to be ascertained through further experimental studies
